Metal-ligand interactions with various proteins form in vivo metal assemblies. In recent years, metallosupramolecular approaches have been utilized to forge an assortment of fascinating two-and three-dimensional nano-architectures, and macroscopic materials, such as metal-ligand coordination polymeric materials, have promise in artificial systems. However to the best of our knowledge, the self-assembly of macroscopic materials through metal-ligand interactions has yet to be reported. Herein we demonstrate a gel assembly formed via metal-ligand interactions using polyacrylamide modified with Fe-porphyrin and L-histidine moieties. The stress values for the assembly increase as the concentration of Fe-porphyrin or L-histidine in the gels increases. Moreover, agitation of Fe-porphyrin gel, Zn-porphyrin gel, and L-histidine gel in an 80 mM Tris-acetate buffer (pH 9.0) results in selective adhesion of the Fe-porphyrin gel to the L-histidine gel based on the affinities of Fe-porphyrin and Zn-porphyrin with L-histidine.
M
etal-ligand interactions play an important role in naturally occurring systems. For example, hemoglobin can bind oxygen efficiently by formation of coordination bond between iron-porphyrin called a heme and L-histidine. Over the past decade, coordination-driven self-assembly has evolved into a well-established methodology for constructing novel metallosupramolecular structures using metal-ligand interactions. A variety of elaborate metallosupramolecules, from two-dimensional polygons to three-dimensional cages, prisms, and polyhedra, have been reported based on coordination-driven self-assembly [1] [2] [3] [4] [5] [6] [7] [8] . However to the best of our knowledge, the self-assembly of macroscopic materials through metal-ligand interactions has yet to be reported.
Previously we demonstrated macroscopic assemblies based on molecular recognition, which consisted of polyacrylamide gels modified with hosts and guest moieties [9] [10] [11] [12] [13] [14] [15] . Herein we demonstrate a gel assembly formed via metal-ligand interactions using polyacrylamide modified with iron-porphyrin (Fe-Por) and L-histidine (LHis) moieties. Moreover agitation of Fe-Por gel, zinc-porphyrin (Zn-Por) gel, and L-His gel in an 80 mM Trisacetate buffer (pH 9.0) results in selective adhesion of the Fe-Por gel to the L-His gel based on the affinities of FePor and Zn-Por with L-His. Figure 1 shows the 2H-Por (x), Fe-Por (x), and Zn-Por (x) gel (x denotes the mol % of the 2H-Por, Fe-Por and Zn-Por moiety) and the L-His (y) gel (y denote the mol % of the L-His moiety) that we have designed. The metalloporphyrin gel was prepared by the reaction of metalloporphyrin with an N-hydroxy succinimidyl gel, which was prepared by terpolymerization of acrylamide (AAm), N,N9-methylenebisacrylamide (MBAAm) (cross-linker), and N-succinimidyl acrylate (Scheme S1). The L-His gel was prepared by radical terpolymerization of AAm, MBAAm, and the L-His monomer under conventional conditions (Scheme S2). UV-Vis and 1 H NMR spectroscopy were used to determine the mol % of 2H-, Fe-, Zn-Por, and L-His in the gels (Fig. S1-S4 ).
Results

Preparation of gels.
The gels were cut into 5 mm 3 5 mm 3 1 mm pieces. The metalloporphyrin gel was used as prepared due to its easily identifiable color, but the L-His gel was stained red with a dye (food pigment red NO.102). Staining does not affect the association between the metalloporphyrin and the L-His moieties in the gels. Additionally, an acrylamide gel without the metalloporphyrin or L-His moieties was also prepared in a similar manner as a blank gel.
Assembly of the Fe-Por gel with the L-His gel. The Fe-Por gel and the L-His gel immediately adhere to each other upon agitation in an 80 mM Tris-acetate buffer (pH 9.0) (Fig. 2b, Supplementary Movie 1) . The assembly formed from the Fe-Por gel with the L-His gel is strong enough to be picked up using tweezers (Fig. S5) . In contrast, agitation of the 2H-Por gel and the L-His gel does not yield an assembly (Fig. S7b) , and 2H-Por and L-His do not interact in a homogeneous solution (Fig. S9) . Similarly, agitation of pieces of the same type of gel (e.g., Fe-Por gel pieces) or pieces of the blank gel with Fe-Por gel or L-His gel does not lead to assembly formation (Fig. S10, 11 ). However after metalation of iron to 2H-Por in the gel, the gel adhered to the L-His gel (Scheme S3, ( Fig. S18, S19 ) [16] [17] [18] . These results confirm that the difference of the association constant between L-His and Fe-Por or Zn-Por was reflected as the selective adhesion of the L-His gel to the Fe-Por gel.
Adhesion strength of the assembly of the gels. To investigate the adhesion strength of the assembled gels, the rupture stress was measured semi-quantitatively ( Table 1 ). The stress values for an assembly of the Fe-Por (2.7) gel with the L-His gel increase as the concentration of L-His increases from 1.5 to 5.9 mol %. The Zn-Por (1.6) gel did not form an assembly with L-His (2.9) gel, however, ZnPor gel formed an assembly with L-His gel by increasing the concentration of Zn-Por (1.6) gel and L-His (2.9) gel to 2.7 and 5.9 mol % respectively. These results suggested that the mechanical strength of the assembled gels is proportional to the mole content of Fe-and Zn-Por and L-His in the gels. Different affinities of metals to ligands give specific gel assemblies, demonstrating that metal-ligand interactions play an important role not only on the molecular level, but also on the macroscopic level.
Discussion
The Fe-Por gel formed an assembly with the L-His gel in an 80 mM Tris-acetate buffer (pH 9.0). In contrast, the 2H-Por gel and the LHis gel does not yield an assembly. However after metalation of Increasing the concentration of the L-His group in the L-His gel from 1.5 to 5.9 mol% increased the stress values for the assembly with Fe-Por gel. And Zn-Por gel formed an assembly with L-His gel by increasing the concentration of Zn-Por (1.6) gel and L-His (2.9) gel to 2.7 and 5.9 mol %, respectively. These results indicated that the number of metalloporphyrin and L-His group on the surface of the gels was important in the gel assembly. The surface coverage of the metalloporphyrin and L-His groups is expected to govern the adhesion strength of the assembled gel. The adhesion strength of the assembled gel can be regulated by changing the mole content of the metalloporphyrin or L-His group in the gels.
Metal-ligand interactions were utilized for the first time to assemble macroscopic gels. Simple agitation of Fe-Por and L-His gels resulted in selective adhesion. The stress values for an assembly of the metalloporphyrin gel with L-His gel increased as the concentrations of metalloporphyrin and L-His increase, indicating that the mechanical strength at the interface between the metalloporphyrin gel and the L-His gel can be regulated. Various hemes show their catalytic activities when a heme molecule is incorporated into an apoprotein with a Fe-Porphyrin-ligand coordination. We expect that the assembly of Fe-Porphyrin gel with L-His gel through metal-ligand interaction can macroscopically control the catalytic activity. The reversible self-assembly of porphyrin-gel with ligand gel may have a potential as activity controllable catalytic system.
Methods
The L-His gel was prepared by a radical terpolymerization of AAm, MBAAm, and the L-His monomer 19 using conventional conditions (Scheme S1). Immersion into a solution of a red dye (food pigment red NO.102) stained the L-His gel. Then the L-His gel was immersed in excess solvent. The metalloporphyrin gel was prepared by the reaction of 2H-20 , Fe- 20 , or Zn-Por 21 with an N-hydroxy succinimidyl gel, which was prepared by terpolymerization of AAm, MBAAm, and N-succinimidyl acrylate (Scheme S2). Due to its color, the metalloporphyrin gel was used without staining. The mol % of metalloporphyrin, x, was determined by the Lambert-Beer law using the absorbance of a 30 mm thick metalloporphyrin gel. The UV-Vis spectra were obtained by a JASCO V-650 spectrophotometer (Fig. S1-S3 ). The mol % of L-His, y, was determined by a comparison of the integral values of protons in the main chain to that of the imidazole in L-His moiety in 1 H NMR spectra (Fig. S4) . The gels were cut into millimeter-to centimeter-sized pieces using a knife. Each gel was placed in a petri dish, and 25 mL of an 80 mM Tris-acetate buffer (pH 9.0) was subsequently added. Then the mixture was agitated at 1000 rpm using Eyela cute mixer CM-1000 at room temperature. The stress-strain curves for the gel assemblies were recorded using a Yamaden RE-33005 Rheoner creep meter in the same manner as our previous report [9] [10] [11] [12] [13] [14] [15] . Each sample (5 3 10 3 2 mm 3 ) was measured at a rate of 0.1 mm s 21 at room temperature. Iron metalation of 2H-Por gel was carried out by adding 2H-Por gel, FeCl 3 , and sodium acetate were added to glacial acetic acid, which suspension was refluxed (Scheme S3). Fe-Por (1.3) gel, Zn-Por (1.6) gel (red-brown), and L-His (2.9) gel (red) were placed in a petri dish. The addition of an 80 mM Tris-acetate buffer (pH 9.0) and agitation for a few minutes selectively formed an alternating self-assembly of Fe-Por (1.3) gel and L-His (2.9) gel. 
